Human T-cell leukemia virus type I (HTLV-I) can infect a variety of cell types, so the cause of T-cell-specific oncogenesis remains to be elucidated. The trans-activator protein Tax of HTLV-I can promote cell-cycle progression in resting T cells along with induction of cyclin D2 and cyclin-dependent kinase (cdk6) gene expression. Here, we found that Tax cannot induce cell-cycle progression in resting fibroblasts and analysed the molecular basis of the cell-type specificity. Tax activated cyclin D2 and cdk6 promoters in T cells, but not in fibroblasts, depending on its ability to activate the transcription factor nuclear factor (NF)-jB. Expression of cyclin D2 and CDK6 activated the transcription factor E2F, which is essential for cell-cycle progression, in both T cells and fibroblasts. Short-hairpin RNA (shRNA)-mediated inhibition of cyclin D2 and CDK6 induction suppressed Tax-induced activation of E2F in T cells. Finally, shRNA-mediated downregulation of NF-jB p65 or p100 expression reduced Tax-induced activation of cyclin D2 and/or cdk6 promoters and cell-cycle progression in T cells. These results indicate that Tax-induced cell-cycle progression in T cells is mediated, at least in part, through cell-type-specific activation of the cyclin D2 and cdk6 genes through NF-jB and may be important for the cell-type-specific oncogenesis.
Human T-cell leukemia virus type I (HTLV-I) is the causative agent of adult T-cell leukemia (Yoshida, 2005 and references therein). Glucose transporter, GLUT-1, a receptor for HTLV-I, is ubiquitously expressed and HTLV-I can infect a variety of cell types (Manel et al., 2003) . How HTLV-I infection specifically causes T-cell malignancy is largely unknown.
The trans-activator protein Tax of HTLV-I has the ability to promote cell-cycle progression (Neuveut et al., 1998; Schmitt et al., 1998; Ohtani et al., 2000) , which is thought to be important for proliferation of the virusinfected cells that is prerequisite for malignant transformation. Tax-induced cell-cycle progression is paralleled by induction of cell-cycle regulatory genes such as cyclin D2 and cyclin-dependent kinase (cdk) 6, which indirectly leads to activation of the transcription factor E2F essential for cell-cycle progression (Ohtani et al., 2000; Iwanaga et al., 2001 ). These observations suggest that induction of the cell-cycle regulatory genes by Tax is the primary event for Tax-induced cell-cycle progression. Consistent with this notion, Tax directly trans-activates cyclin D2 promoter and coexpression of p19 INK4d , which inhibits D-type CDKs, compromises Tax-induced activation of E2F (Huang et al., 2001) , underscoring the role of the cell-cycle regulatory genes in Tax-induced cell-cycle progression.
Tax trans-activates transcription of cellular genes through at least three transcription factors: cAMPresponsive element-binding factor (CREB), serum-responsive factor SRF and nuclear factor (NF)-kB (Yoshida, 2005 and references therein). Accumulating evidence indicates that Tax-induced activation of NFkB is critical for immortalization of T cells (Sun and Yamaoka, 2005; Inoue et al., 2007 and references therein) . In this context, it is noteworthy that the ability of Tax to promote cell-cycle progression is dependent on its ability to activate NF-kB (Ohtani et al., 2000; Iwanaga et al., 2001) and that Tax-induced activation of cyclin D2 promoter is mainly mediated through NFkB (Huang et al., 2001) . Interestingly, cyclin D2 promoter does not possess consensus NF-kB-binding sites but has atypical NF-kB-binding sites, which mediate activation of the cyclin D2 promoter by Tax (Huang et al., 2001) .
Tax cannot activate E2F in rat embryonic fibroblasts REF52 (Ohtani et al., 2000) , suggesting that Tax-induced cell-cycle progression is a cell-type-specific event. In this study, we found that Tax cannot induce cell-cycle progression in resting fibroblasts and analysed the molecular basis of the cell-type specificity. Our results indicate that Tax induces cell-cycle progression, at least in part, by activating the cyclin D2 and cdk6 genes through NF-kB in a cell-type-specific manner.
Results and discussion
Cell-type-specific cell-cycle progression induced by HTLV-I Tax To explore cell-type specificity in Tax-induced cell-cycle progression, we examined whether Tax can induce cellcycle progression in fibroblasts. Rat fibroblast cell lines REF52 and Rat1, and human foreskin fibroblasts were made quiescent by starvation of serum, and Tax was introduced by infecting Tax-expressing recombinant adenovirus. We used phytohemagglutinin-stimulated normal peripheral blood lymphocytes (PHA-PBLs) as a positive control. In PHA-PBLs, infection of Tax virus induced a significant increase in the population of cells in S-G/M phases as compared to control virus-infected cells (Figure 1a) . Tax was expressed in about half of the population of the cells and cell-cycle progression was observed only in Tax-positive cells, indicating that the cell-cycle progression induced by Tax is a cell intrinsic event. In contrast, infection of Tax virus did not induce a significant increase in the population of cells in S-G 2 /M phases in any of the fibroblasts tested (Figure 1b) . The efficiency of adenovirus-mediated gene transfer into fibroblasts is generally thought to be 100% and Tax expression was detected in more than 95% population of the cells in all fibroblasts as examined by fluorescenceactivated cell sorting analyses (data not shown). The inability of Tax to induce cell-cycle progression in the fibroblasts is in sharp contrast to the transcription factor E2F, which induced a dramatic increase in the population of cells in S-G 2 /M phases. The expression levels of Tax protein in the fibroblasts were much higher than that in PHA-PBLs (Figure 1c) , indicating that the inability of Tax to induce cell-cycle progression in the fibroblasts was not due to lower expression of Tax protein. These results indicate that, in contrast to T cells, Tax cannot induce cell-cycle progression in resting fibroblasts.
Tax is known to induce phenotypic transformation of Rat1 cells (Yamaoka et al., 1996) , suggesting that Tax has the ability to overcome contact inhibition in the presence of serum. The inability of Tax to induce cellcycle progression in resting fibroblasts indicates that Tax has an additional ability to promote cell-cycle progression in resting T cells.
Tax activates cdk6 promoter mainly through the NF-kB-transcription pathway Tax induces expression of the cdk6 gene, which encodes one of the cyclin D2 partners . We thus examined whether Tax activates cdk6 promoter by reporter assay in asynchronously growing Jurkat human T cells. The reason of using Jurkat cells is to avoid secondary effects caused by Tax-induced cell-cycle progression as their growth is independent of the T-cell growth factor interleukin-2 (IL-2). Tax activated the cdk6 reporter about sixfold (Figure 2b ). Tax mutants M22 and d3, which lack ability to activate the NF-kBand CREB-transcription pathways, respectively, showed about three and fivefold activations. These results suggest that Tax activates cdk6 promoter mainly through the NF-kB pathway and partly through the CREB pathway. Although there is no consensus NF-kB-binding site, there are multiple NF-kB-like sequences scattered in the cdk6 promoter (Figure 2a) . A 5 0 -deletion experiment showed a gradual decrease in Taxd3 responsiveness as the 5 0 -deletion extended (Figure 2c ), suggesting that these multiple NF-kB-like elements are contributing to overall responsiveness of the promoter to Tax. Short-hairpin RNA (shRNA)-mediated downregulation of NF-kB p65 or p100 expression significantly reduced Tax-induced activation of the cdk6 promoter ( Figure 4b and see below). Taken together, these results strongly suggest that Tax induces cdk6 gene expression mainly through the NF-kB pathway depending on the atypical NF-kB-binding sites in a similar manner to the cyclin D2 gene (Huang et al., 2001) .
Induction of cyclin D2 and cdk6 gene expression is required for Tax-induced activation of E2F To explore the cause of cell-type-specific induction of cell-cycle progression by Tax, we examined the ability of Tax to activate the cyclin D2 and cdk6 promoters in the fibroblasts, as induction of the cyclin D2 and cdk6 genes is thought to be the primary event in Tax-induced cellcycle progression (Ohtani et al., 2000; Huang et al., 2001; Iwanaga et al., 2001) . Although Tax strongly Figure 1 Cell-type-specific induction of cell-cycle progression by Tax. (a) Tax induces cell-cycle progression in phytohemagglutinin (PHA) stimulated peripheral blood lymphocytes (PBLs) in a cell intrinsic manner. PBLs were stimulated with PHA for 3 days, PHA was washed out and further cultured in RPMI 1640 medium containing 10% fetal calf serum (FCS) for 2 days to make quiescent. Cells were then infected with the recombinant adenovirus expressing Tax (AxCAIY-Tax) or control virus at multiplicity of infection (MOI) of 100 as described (Ohtani et al., 2000) and further cultured for 3 days. Tax was stained with an anti-Tax monoclonal antibody Lt-4 (Lee et al., 1989) and DNA was stained with propidium iodide. Cells were examined by fluorescence-activated cell sorting (FACS) analysis as described previously (Ohtani et al., 2000) . Percentages of cells in S-G 2 /M phases are indicated. (b) Tax cannot induce cell-cycle progression in fibroblasts. Rat fibroblast cell lines REF52 and Rat1, and human foreskin fibroblasts (HFFs) maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS were starved of serum for 2 days, infected with Tax-expressing recombinant adenovirus, control virus or E2F1 virus (Ohtani et al., 2000) and further cultured under serum-starved conditions for 3 days. Cell-cycle distribution was examined as described in Figure 1a . (c) Tax protein expression was examined by western blotting as described ), using the anti-Tax monoclonal antibody Lt-4. a-Tubulin (Ab-1; Oncogene Research Products) is an internal control.
NF-jB-mediated cell-cycle progression by Tax R Iwanaga et al activated the cyclin D2 and cdk6 promoters in asynchronously growing Jurkat T cells, these promoters were not activated at all in REF52 and Rat1 fibroblasts (Figure 3a ), suggesting that induction of cyclin D2 and cdk6 genes is important for the cell-type-specific induction of cell-cycle progression by Tax. The inability of Tax to activate these promoters is not due to inability of Tax to activate NF-kB in these cell lines, as an NF-kB NF-jB-mediated cell-cycle progression by Tax R Iwanaga et al reporter with typical NF-kB sites was strongly activated by Tax. In addition, the atypical NF-kB site 3 of the cyclin D2 promoter (Huang et al., 2001) was not activated in the fibroblasts, whereas it was clearly activated in Jurkat cells. These results suggest that the atypical NF-kB sites are important for the activation of the cyclin D2 and cdk6 promoters by Tax in T cells. We thus examined whether activation of the cyclin D2 and cdk6 genes is important for Tax-induced cell-cycle progression in T cells. We first examined the effect of cyclin D2 and CDK6 expression on E2F activity in T cells and fibroblasts by reporter assay. For this purpose, we used an IL-2-dependent human T-cell line Kit 225, which can be made quiescent by deprivation of IL-2, as Jurkat cells grow independent of IL-2 and cannot be made quiescent. Expression of cyclin D2 and CDK6 enhanced E2F activity in both Kit 225 and REF52 cells under IL-2 and serum-starved conditions, respectively (Figure 3b ), indicating that expression of cyclin D2 and CDK6 is sufficient to activate E2F in both the T cells and fibroblasts.
Next, we examined whether induction of the cyclin D2 and cdk6 gene expression is required for Tax-induced activation of E2F in T cells. For this purpose, we generated shRNA-expression vectors against cyclin D2 and cdk6. The ability of the vectors to downregulate cyclin D2 and CDK6 expression was confirmed in 293 cells with high transfection efficiency, as transfection efficiency of Kit 225 cells is too low to perform biochemical analyses (Figure 3c) . We examined the Figure 2 Tax trans-activates cdk6 promoter. (a) Schematic view of the cdk6 reporter plasmid (pCDK6-CAT(À1099)), which was generated by cloning of À1099 to þ 508 region of cdk6 promoter into pSV0CAT (Ohtani et al., 1987) . Transcriptional start site ( þ 1) was tentatively determined according to the 5 0 end of the longest cDNA (GenBank accession no. BQ927004), as 5 0 -rapid amplification of cDNA ends identified no longer cDNAs. (b) Tax trans-activates cdk6 promoter mainly through the nuclear factor (NF)-kB pathway. Asynchronously growing Jurkat cells were transfected by the DEAE dextran method (Ohtani et al., 1987) with the cdk6 reporter plasmid along with the expression vector for Tax (pMT-2Tax) or its mutants (TaxM22 or Taxd3). Cells were cultured for 48 h and harvested for chloramphenicol acetyltransferase (CAT) activity measurement. pSV0CAT is a promoterless negative control (Ohtani et al., 1987) . pWT-Luc and pkB-Luc are positive controls for cAMP-responsive element-binding factor (CREB) and NF-kB-dependent promoters (Ohtani et al., 2000) . All assays were performed at least three times in duplicate and relative CAT and luciferase activity is presented as mean ± s.d. (c) 5
0 Deletion experiments. A series of 5 0 -deletion mutants of cdk6 promoter were assayed as described in panel b with Taxd3 and TaxM22. pGP(À31)CAT is a negative control (Ohtani et al., 1998) .
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R Iwanaga et al effect of the shRNA expression on Tax-induced activation of E2F in IL-2-dependent Kit 225 cells under IL-2-starved conditions. Cotransfection of the cyclin D2 or cdk6 shRNA-expression vector significantly reduced Tax-induced activation of an E2F reporter, and a combination of both further reduced the activation (Figure 3d ). Another shRNA-expression vector directed against a different region of the cyclin D2 and cdk6 genes also reduced Tax-induced activation of E2F (data not shown), indicating that the effect was not due to an (Nakamura et al., 1989) or with the atypical NF-kB-binding site 3 of cyclin D2 promoter (pNF-kB3Â4; Huang et al., 2001) , along with Tax-expression vector or a control vector. The cells were cultured under serum-starved conditions for 2 days and harvested for chloramphenicol acetyltransferase (CAT) activity measurement. Jurkat cells were used for a positive control. (b) Expression of cyclin D2 and CDK6 is sufficient to activate E2F in both T cells and fibroblasts. Interleukin-2 (IL-2)-dependent human T-cell line Kit 225 or rat fibroblast REF52 cells were transfected with cyclin D2 and CDK6-expression vectors or a control vector along with an E2F reporter (pE2WTÂ4) or a control (pE2MutÂ4) plasmid (Ohtani et al., 2000) . The cells were cultured under IL-2 or serum-starved conditions, respectively, and monitored for E2F activity. IL-2 or serum stimulation was used as a positive control, respectively. (c) Short-hairpin RNA (ShRNA)-mediated downregulation of cyclin D2 and CDK6 expression in 293 cells. ShRNA-expression vectors against cyclin D2 and cdk6 were constructed using pSilencer 2.0-U6 (Ambion, Austin, TX, USA) according to protocol provided by the manufacturer. Target sequences were nucleotide (nt) 538-558 of cyclin D2 cDNA (GenBank accession no. M90813) and nt 683-703 of cdk6 cDNA (GenBank accession no. X66365). 293 cells were transfected by lipofection with the shRNA-expression vector against cyclin D2 or cdk6 or control vector and were cultured for 3 days. Expression of cyclin D2 or CDK6 was examined by western blotting using antibodies against cyclin D2 (sc-452, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or CDK6 (sc-177-G, Santa Cruz Biotechnology). a-Tubulin is an internal control. (d) Induction of cyclin D2 and cdk6 gene expression is required for activation of E2F by Tax. Kit 225 cells were transfected with the E2F reporter plasmid and the shRNAexpression vector against cyclin D2 and/or cdk6 along with the Tax-expression vector, cultured under IL-2-starved conditions and assayed for E2F activity.
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NF-jB-mediated cell-cycle progression by Tax R Iwanaga et al off-target effect of the shRNAs. These results suggest that induction of the cyclin D2 and cdk6 gene expression is required, at least in part, for activation of E2F by Tax.
Involvement of NF-kB in Tax-induced cell-cycle progression Accumulating evidence indicates that the ability of Tax to activate NF-kB is critical for immortalization of T cells (Sun and Yamaoka, 2005; Inoue et al., 2007 and references therein) . However, many of the results were obtained with Tax mutants, which have defects in each of trans-activation pathways, and it is not known whether the effect is really mediated through NF-kB or other factors that are activated in parallel with NF-kB such as NF-AT (Ohtani et al., 2000) , which is also important for activation of T cells. We thus examined whether NF-kB is indeed involved in Tax-induced cellcycle progression. The NF-kB family of transcription factors consists of RelA (p65), RelB, c-Rel, p50 and p52. To examine involvement of NF-kB in Tax-induced cellcycle progression, we constructed an shRNA-expression vector against p65, the activating subunit of the p65/p50 α-tubulin NF-jB-mediated cell-cycle progression by Tax R Iwanaga et al heterodimer involved in the canonical pathway, and two shRNA-expression vectors against p100, the precursor of the p52 component of the RelB/p52 heterodimer involved in the noncanonical pathway. The ability of the vectors to suppress p65 and p100 expression was confirmed in MT-2 and Kit 225 cells using lipofection and recombinant adenovirus, respectively, as transfection efficiency of Jurkat and Kit 225 cells is too low to perform biochemical analyses (Figure 4a ). Several lines of evidence indicate that NF-kB is indeed involved in promotion of cell-cycle progression induced by Tax. First, the expression of p65 shRNA suppressed Taxinduced activation of cyclin D2 and cdk6 promoters in Jurkat cells (Figure 4b ). The suppression was negated by cotransfection of the shRNA-resistant version of p65-expression vector, indicating that the suppression was specific to downregulation of p65 expression. The expression of the p100 shRNAs also suppressed Taxinduced activation of cdk6 promoters in Kit 225 cells, both of the two being effective, indicating that the effect was not due to an off-target effect. Second, Tax-induced activation of E2F was also specifically suppressed by coexpression of the p65 and p100 shRNAs in Kit 225 cells under IL-2-starved conditions (Figure 4c ). Third, recombinant adenovirus-mediated transduction of the p65 shRNA in Kit 225 cells reproducibly, albeit slightly, reduced the Tax-induced increase in the population of cells in S-G 2 /M phases under IL-2-starved conditions (Figure 4d ). The reduction was negated by coinfection of recombinant adenovirus expressing the shRNAresistant p65. Transduction of the two p100 shRNAs also suppressed Tax-mediated cell-cycle progression. The effect of the p65 and p100 shRNAs was statistically significant. Taken together, these results indicate that NF-kB is indeed involved, at least in part, in Taxinduced activation of cyclin D2 and cdk6 promoters, and consequent activation of E2F and promotion of cell-cycle progression. In either of these events, suppression by p65 and p100 shRNAs was partial. This may be due to the possibility that multiple NF-kB family members are cooperatively contributing. Alternatively, the possibility that the effect is partly mediated through factors other than the NF-kB family cannot be formally excluded. Our results clearly indicate that Tax-induced cell-cycle progression is a cell-type-specific event, which is observed in T cells but not in fibroblasts. The cell-cycle progression in T cells is mediated, at least in part, by cell-type-specific activation of the cyclin D2 and cdk6 genes by Tax through NF-kB. These cell-cycle regulatory genes do not possess typical NF-kB-binding sites but have atypical NF-kB-binding sites. Although typical NF-kB-binding sites are generally activated by Tax, the atypical NF-kB-binding sites seem to be important in the cell-type-specific regulation of the genes. Although several modes of Tax-induced activation of NF-kB have been reported (Sun and Yamaoka, 2005 and references therein), cell-type-specific effects of Tax on NF-kB activation has not been reported. The cell-type-specific activation of the cell-cycle regulatory genes through NFkB adds a new aspect to Tax regulation of target genes through NF-kB. The cell-type-specific cell-cycle progression could be important for proliferation of the virus-infected T cells that is prerequisite to malignant transformation. The precise mechanism of the cell-typespecific regulation by Tax through NF-kB remains a key issue for elucidating the T-cell-specific oncogenesis induced by HTLV-I infection. Figure 4 Involvement of nuclear factor (NF)-kB in Tax-induced cell-cycle progression. (a) Short-hairpin RNA (ShRNA)-mediated downregulation of NF-kB p65 and p100 expression in MT-2 and Kit 225 cells, respectively. The expression vectors for shRNA against NF-kB p65 and p100 were constructed as described in Figure 3c using nt 651-671 of p65 cDNA (GenBank accession no. NM_021975) and nt 928-948 and nt 1086-1106 of p100 cDNA (GenBank accession no. NM_002502). Human T-cell leukemia virus type I (HTLV-I)-infected MT-2 cells were transfected with the p65 shRNA-expression vector by lipofection and cultured for 3 days. Kit 225 cells were infected with recombinant adenovirus expressing the p100 shRNAs (see below) at multiplicity of infection (MOI) of 500 and cultured for 1 day. p65 and p100 expression was examined by western blotting using anti-p65 antibody (sc-372, Santa Cruz Biotechnology) and antip52 antibody (sc-848X, Santa Cruz Biotechnology), respectively. a-Tubulin is an internal control. (b) Downregulation of NF-kB p65 or p100 expression reduces Tax-induced activation of cyclin D2 and/or cdk6 promoters. Asynchronously growing Jurkat or Kit 225 cells were transfected with the cyclin D2 or cdk6 reporter plasmid along with the Tax-expression vector or control vector and the p65 or p100 shRNA-expression vector or control vector, and cultured for 2 days. Cells were harvested for chloramphenicol acetyltransferase (CAT) activity measurement. Fold activation by Tax is presented as mean ± s.d. To examine the specificity of the p65 shRNA, the shRNAresistant p65-expression vector was also included ( þ p65). It was generated by changing the target sequence from AAGGTGCA GAAAGAGGACATT to AAAGTTCAAAAGGAAGATATA and the sequence surrounding the ATG initiation codon from CGGCATGG to CACCATGG in the cytomegalovirus (CMV) promoter driven pENTR-CMV-p65. (c) Involvement of NF-kB in Taxinduced activation of E2F. An experiment similar to (b) was performed using Kit 225 cells with an E2F reporter plasmid (E2WTÂ4). The cells were cultured under the IL-2-starved condition for 2 days and harvested for luciferase activity measurement. (d) Involvement of NF-kB in Tax-induced cell-cycle progression. Recombinant adenoviruses expressing the p65 and p100 shRNAs and the shRNA-resistant p65 were produced using ViraPower Adenoviral Expression System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Infection with recombinant adenoviruses proceeded as described (Ohtani et al., 2000) . Kit 225 cells were infected with Tax virus (multiplicity of infection, MOI: 50) along with p65 or p100 shRNA virus (MOI: 500) and/or shRNA-resistant p65 virus (MOI: 10). The cells were cultured under the IL-2-starved condition for 2 days and cell-cycle distribution was analysed by fluorescence-activated cell sorting (FACS) as described in Figure 1a . Experiments were repeated four times and representative data are presented. Percentages of cells in S-G 2 /M phases are indicated with mean±s.d. in parentheses and P-values.
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